After pronuclear injection into oocytes from B6C3 F1 while CRX null mice show progressive retinal degenerahybrids, we identified five founders (one PrP-SCA7-tion, lose visual function, and display reductions in the c24Q mouse and four PrP-SCA7-c92Q mice). We perexpression of CRX target genes (Furukawa et al., 1999) .
formed Southern blot analysis and found that copy numTo test the hypothesis that polyglutamine-expanded ber ranged from one to six in the various lines (data not ataxin-7 interferes with CRX-dependent transcription, shown). To establish relative expression levels of the we performed yeast two-hybrid assays and found that transgene in the different lines, we developed an RTataxin-7 and CRX interact. To confirm the ataxin-7-CRX PCR strategy ( Figure 1B) . Using this approach, we deterinteraction and to assess its functional significance, we mined the expression level of the ataxin-7 transgene in coimmunoprecipitated ataxin-7 with CRX and found that each line (Table 1) . We generated polyclonal antibodies ataxin-7 and CRX colocalize in nuclear aggregates. Usagainst human ataxin-7 by affinity purification of sera ing a rhodopsin promoter-reporter construct, we obobtained from rabbits that had been immunized with served dramatic suppression of CRX transactivation by ataxin-7 fused to GST or with oligopeptides. We used polyglutamine-expanded ataxin-7. Electrophoretic moone of these antibodies, K, to probe Western blots and bility shift assay analysis of SCA7 transgenic retinas found an ‫031ف‬ kDa band in the 92Q transgene-positive revealed that CRX is deficient in its ability to bind to its mice, confirming expression of full-length ataxin-7 at consensus sequence. We then assessed the expression the protein level ( Figure 1C ). levels of CRX-regulated genes in the retinas of SCA7
To determine the expression pattern of the ataxin-7 transgenic mice and found significant reductions in CRX transgene, we immunostained retinal sections with antargets. These data suggest that our SCA7 transgenic other ataxin-7 polyclonal antibody, A, and detected mice faithfully recapitulate the process of retinal degenataxin-7-92Q protein in the outer nuclear layer (ONL), eration observed in human SCA7 patients and that the inner nuclear layer (INL), and the ganglion cell layer ataxin-7-mediated transcription interference of photore-(GCL) ( Figure 1D ). We observed punctate staining in ceptor-specific genes may account for the cone-rod all three nuclear layers, and we confirmed the nuclear dystrophy phenotype in SCA7.
localization of ataxin-7 by stereoscopic imaging of the punctate staining ( Figure 1E ). The areas of punctate staining resemble the nuclear inclusions (NIs) reported in Results other polyglutamine repeat diseases and mouse models (Ross, 1997), indicating that ataxin-7 is aggregating into Transgenic Constructs To produce a mouse model of SCA7, we inserted the NIs in the retinas of the PrP-SCA7-c92Q mice. The NIs could also be detected with the 1C2 and Hsc-70 antibodataxin-7 coding region into the murine prion protein promoter (MoPrP) construct, as this vector has been shown ies ( Figure 3C ), and the number of NIs increased with the age of the mice (data not shown). Review of the to drive high-level expression in all neurons, including retina (Borchelt et al., 1996). We subcloned ataxin-7
Western blot analysis revealed immunostained material that did not migrate out of the stacking portion of the cDNAs into the MoPrP vector to yield two transgenic constructs ( Figure 1A ): designated "PrP-SCA7-c24Q" and acrylamide gels ( Figure 1C ). This material likely corresponds to aggregates of ataxin-7, and its appearance "PrP-SCA7-c92Q," respectively. To confirm that these constructs were capable of driving proper translation of correlates with increasing transgene expression level and age. full-length ataxin-7, we transiently transfected them into (C) Western blot analysis. Protein was isolated from transiently transfected HEK293T cells (2 g) or from mouse retinas (20 g) and then immunoblotted with polyclonal antibody K sera at a dilution of 1:1000. The first three lanes on the left respectively correspond to HEK293T cells transfected with empty vector (Ϫ), PrP-SCA7-c24Q (24Q), and PrP-SCA7-c92Q (92Q). Ataxin-7 with 24 glutamines migrates at ‫511ف‬ kDa, while ataxin-7 with 92 glutamines migrates at ‫031ف‬ kDa, and both are detected in transfected HEK293T cells. Note also that a faint band migrating at ‫011ف‬ kDa is detected in the empty vector lane and likely represents endogenous expression of ataxin-7 with ten glutamines. The five lanes on the right correspond to nuclear extracts of retina protein from various mice: two nontransgenics (nt), a PrP-SCA7-c24Q transgenic mouse (24Q), and two PrP-SCA7-c92Q transgenic mice (92Q). The 92Q mouse on the left is a 14-week-old individual from line 6561, while the 92Q mouse on the right is a 7-week-old individual from line 6561. The PrP-SCA7-c24Q mouse shows an intense band at ‫511ف‬ kDa, while the 92Q mouse on the left shows a faint band at ‫031ف‬ kDa, and the 92Q mouse on the right shows an intense band at ‫031ف‬ kDa. The bracket with the asterisk is pointing out immunostaining material at the top of the gel for both of the PrP-SCA7-c92Q transgenic mice. This material likely corresponds to aggregates containing ataxin-7. Blots were reprobed with the p44/42 MAP kinase antibody to confirm equivalent protein loading of the retinal samples. (D) The ataxin-7 transgene is expressed in all three nuclear layers of the retina. Sections from a PrP-SCA7-c92Q mouse were immunostained with antibody A (green) and counterstained with propidium iodide (red). The resulting confocal image reveals a nuclear expression pattern of the ataxin-7 transgene with punctate staining apparent in the ONL, the INL, and especially the GCL (marked with arrows). (E) Ataxin-7-92Q accumulates in the nucleus. Stereoscopic images generated from antibody A-immunostained retinal sections confirm that ataxin-7 localizes to the nuclei of cells. The GCL is shown here. OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. . We also performed TUNEL staining and found that the retinas and PrP-SCA7-c24Q mice, the retinal ONL is of normal thickness, measuring ‫21ف‬ nuclei across (Figure 2A) . and Colocalization in Nuclear Aggregates As a first step to assess if ataxin-7 and CRX physically To characterize the histopathology in the SCA7 transgenic mice, we examined retinal whole mounts for cone interact, we performed a Gal4-based yeast two-hybrid assay using ataxin-7 as the "bait" and CRX as the "prey." photoreceptor cells with antibody JH492 (directed against green cone pigment; kind gift of J. Nathans).
The bait and prey interaction was measured using the HIS3, lacZ dual reporter assay. When Y190 yeast cells Although nontransgenic mice exhibited significant numbers of cone photoreceptors, the PrP-SCA7-c92Q mice were cotransformed with ataxin-7 (10Q or 62Q) and CRX, expression of the HIS3 and lacZ reporter genes was showed dramatic loss of cone photoreceptor cells from comparable regions of the retina ( Figure 3A) . We conactivated ( Figure 5A ). Specificity of the interaction was confirmed by the loss of reporter activation in transfirmed this result by immunostaining retinal sections ( Figure 3B ). These studies revealed that cone photoreformed cells harboring either an unrelated bait (pASSnf1) or an empty prey vector (pACT2). Furthermore, ceptor cells are vastly underrepresented in the PrP-SCA7-c92Q mice. We then immunostained the retinal when a prey construct containing another retinal transcription factor, neural retina leucine zipper protein sections with an antibody against glial fibrillary acidic protein (GFAP). The anti-GFAP staining showed that (NRL), was cotransformed with the ataxin-7 bait constructs, activation of reporter gene expression was not Mü ller cells in the retinas of the PrP-SCA7-c92Q trans- observed, suggesting that the ataxin-7-CRX interaction tope tag. Although CRX can be immunoprecipitated with ataxin-7 using the Myc antibody, NRL could not be imis specific. To determine the nature of the ataxin-7-CRX interaction, we performed in vitro coimmunoprecipitamunoprecipitated. These results suggest that polyglutamine-expanded ataxin-7 can physically interact with tion assays. As shown in Figure 5B , ataxin-7 with either 10 or 92 glutamines can be immunoprecipitated by the CRX but not with NRL. As nuclear extracts of mouse retinas yield a limited quantity of protein, in vivo coimmuanti-CRX antibody only when the CRX protein is present. To verify this result, we repeated the coimmunoprecipinoprecipitation assays were precluded by the lack of a sufficiently avid antibody (data not shown). tation but used an anti-myc antibody for the pull-down, as the ataxin-7 expression vector contains a Myc epiTo assess the ataxin-7-CRX interaction in mammalian cells, we coexpressed ataxin-7-10Q or ataxin-7-69Q CRX antibody epitope is masked during the process of fixation or sequestered in the interior of the nuclear fused to green fluorescent protein (GFP) with Xpress epitope-tagged CRX in HEK293T cells. Ataxin-7 and inclusion. CRX both localized to the nuclei of HEK293T cells (Figures 6A-6C ). Ataxin-7-10Q-GFP yielded diffuse nuclear Polyglutamine-Expanded Ataxin-7 Interferes with CRX Transactivation staining, as did CRX, and they showed colocalization in HEK293T cells (Figures 6D-6F) . Expression of polygluSince mutations in the photoreceptor transcription factor CRX cause the cone-rod dystrophy phenotype tamine-expanded ataxin-7, however, led to the production of nuclear aggregates with little residual nuclear (Freund et al., 1997 (Freund et al., , 1998 ; Swain et al., 1997), we hypothesized that polyglutamine-expanded ataxin-7 may interstaining ( Figure 6G ). CRX also localized to the nuclear aggregates ( Figure 6H) , showing nearly complete colofere with CRX transcription regulation of photoreceptor genes. Previous studies have shown that the rhodopsin calization with ataxin-7-69Q-GFP when the images were merged ( Figure 6I ). After observing coimmunoprecipitapromoter region Ϫ225 to ϩ70 is important for directing photoreceptor-specific rhodopsin expression, as it contion and colocalization, we immunostained retinal sections from the SCA7 transgenic mice with the CRX 
CRX-regulated genes. To test this hypothesis, we iso-
ized to the level of 18S RNA to insure that any alterations would be specific (Gibson et al., 1996) . We detected lated total RNA from the retinas of presymptomatic 92Q juvenile mice (postnatal day 28) and from age-matched significant reductions in the message levels of all four CRX targets in the line 6076 92Q mice but observed no littermate and 24Q controls. We then performed realtime RT-PCR assays and measured the expression levels significant change in the expression level of the non-CRX target ( Figure 7D ). Reduction in the cone-expressed of blue cone opsin (BCP), cone arrestin (CARR), rod-␣-transducin (GNAT1), and rhodopsin (RHO): four photoregenes (i.e., BCP and CARR) was particularly marked, being significantly greater than the reductions in the rodceptor genes regulated by CRX. We also measured the expression level of rhodopsin kinase (RHOK), a photoreexpressed genes (RHO and GNAT1) (p Ͻ 0.05). Northern blot analysis and competitive RT-PCR assays indepenceptor-specific gene that is not subject to CRX regulation. All expression-level measurements were normaldently confirmed the reductions in the message levels tion. In SCA7 patients, the thickness of the ONL is uniformly reduced by more than 25% throughout the central retina ( 
Nucifora et al., 2001). Although this is an attractive
To determine if the CRX transactivation suppression observed in HEK293T cells could be corroborated in model, it does not address how each polyglutamine repeat disease shows a particular pattern of neuropavivo, we performed electrophoretic mobility shift assays on transgenic and control retinas. Nuclear extracts obthology despite overlapping expression of the different disease genes.
tained from 92Q retinas destined to degenerate displayed marked reductions in the ability of CRX protein To explain how polyglutamine-expanded ataxin-7 causes cone-rod dystrophy, we reasoned that ataxin-7 to bind to its target DNA consensus binding site, supporting the CRX transcription interference model. To may inappropriately interact with CRX once the polyglutamine tract expands into the mutant size range. Consisconfirm that polyglutamine-expanded ataxin-7 was interfering with CRX transactivation in vivo, we determined tent with this hypothesis, we found that ataxin-7 and CRX interact in a dual reporter yeast two-hybrid assay the mRNA expression levels of four CRX target genes and one CRX nontarget gene in presymptomatic mice. and that a CRX antibody coimmunoprecipitates polyglutamine-expanded ataxin-7 only in the presence of CRX.
Using the TaqMan approach (Livak et al., 1995) , we found significant reductions in the message levels of all Furthermore, we observed that CRX and polyglutamineexpanded ataxin-7 colocalize in nuclear aggregates four CRX target genes. Greater reduction of the coneexpressed genes ahead of the rod-expressed genes was when coexpressed in HEK293T cells. CRX is a homeodomain protein that binds to a six-nucleotide consensus observed and is consistent with the cone-rod dystrophy pathology in the SCA7 mice. Since the expression level sequence in the promoters of various photoreceptor cell-specific genes to drive their expression ( of white light (100 ms at 1 mW white light at the cornea) was first TGTGCATTCAGATGCTTCTC-3Ј). We then digested this 1322 bp used to saturate rod photoreceptors for several seconds. Since product with XmnI and compared product intensities on a Phosphorcones recover more quickly than rods, cone b wave responses were Imager (Molecular Dynamics). recorded 1.5 s after the conditioning flash using 450 nm stimuli. The flash intensities at the cornea were 1.5 ϫ 10 20 , 2.1 ϫ 10 19 , 3.0 ϫ 10 18 , Antibody Production 2.0 ϫ 10 17 , and 4.1 ϫ 10 16 photons/cm 2 at 450 nm. We synthesized an oligopeptide corresponding to amino acids 4 to 13 of ataxin-7 and conjugated it to keyhole limpet hemocyanin prior to injection into New Zealand White rabbits. We also expressed Yeast Two-Hybrid Assays Ataxin-7 coding regions containing either 10 or 62 glutamines were glutathione S-transferase (GST)-ataxin-7-10Q fusion protein from pGEX-5X-3 ataxin-7 and purified it using glutathione Sepharose fused in-frame with the Gal4 DNA binding domain in the pAS2 "bait" vector, while the coding regions of either CRX or NRL were fused resin (Furukawa et al., 1996) . The affinity-purified GST-ataxin-7 protein was subjected to preparative SDS-PAGE, and a gel slice conin-frame with the Gal4 activation domain in the pACT2 "prey" vector (Matchmaker Two-Hybrid system, Clontech). Bait and prey plasmids taining the recombinant fusion protein was injected into two New Zealand White rabbits (Sopher et al., 1992). Affinity-purified sera were then cotransformed into yeast strain Y190 (MATa, ura3-5, his3-200, ade2-101, lys2-801, trp1-901, leu2-3, 112, gal4⌬, gal80⌬, cyh r 2, from rabbit A (oligopeptide immunization) and crude serum from rabbit K (GST-ataxin-7 immunization) were then used for Western LYS2::GAL1 UAS -HIS3 TATA -HIS3, URA3::GAL1 UAS -GAL1 TATA -lacZ) and analyzed for protein interactions using dual reporter assays. For blot analysis and IHC. For polyclonal CRX antibody production, we synthesized an oligopeptide spanning amino acids 261 to 274, as His3 expression, a 3-AT test was performed by spotting cell suspensions on SD-Trp Ϫ , Leu Ϫ , His Ϫ medium supplemented with or without this peptide sequence does not share homology with any known 60 mM of 3-amino-1,2,4-triazole (3-AT, a competitive inhibitor of according to the manufacturer's instructions. Relative expression levels of various transcripts were determined as previously deHis3p) and culturing for 4 days. For lacZ expression, a ␤-galactosidase test was performed using a colony-lift X-gal filter assay on scribed, with calibration curves generated for each transcript using a serial dilution of nontransgenic retinal cDNA (Gibson et al., 1996) . colony patches grown on SD-Trp Ϫ , Leu Ϫ , His Ϫ plates containing 15 mM 3-AT. The yeast transformants that showed growth on the 60 Linear relationships (r Ͼ 0.90) between the amount of sample and cycle threshold (ct) values were obtained for all standard curves. mM-3AT medium and appeared blue on the X-gal filter were scored as positive interactions. All cotransformations were performed in Relative abundances were determined by comparing the ct values for each reaction with the standard curve and then normalizing to triplicate, and four to eight colonies per cotransformation plate were tested in these assays. Transformants containing the known interthe amount of 18S cDNA. Statistical comparisons were performed using the Student's t test. acting proteins Snf1 (in pAS1) and Snf4 (in pACT) were obtained from S. Elledge and were included in each assay as a positive control.
Competitive RT-PCR Analysis Primer sets (available upon request) corresponding to adjacent exCoimmunoprecipitation ons of BCP, RHO, and glucose phosphate isomerase (the negative S 35 -labeled and unlabeled recombinant proteins were generated control) were selected so that PCR amplification of genomic DNA from 2 g of plasmid DNA using the TnT Quick Coupled Transcripyielded fragments containing an intron, while amplification of retion/Translation System (Promega) in the presence or absence of verse-transcribed cDNA yielded nonintron-containing fragments. S 35 -L-methionine (ICN Biochemicals). Coimmunoprecipitation was We set up a competitive quantitative assay as previously described performed as previously described with minor modifications (Klei-(Siebert and Larrick, 1992). After an initial "hot start" at 98ЊC for 2 man and Manley, 1999). In brief, 15 l of in vitro-translated CRX, min, 34 amplification cycles (94ЊC for 30 s, 65ЊC for 30 s, 72ЊC for NRL, ataxin-7, and/or Myc-tag product were gently mixed in 100 l 1 min) with 1.5 Ci of dCTP-(␣-33P) (3000 Ci/mM; NEN) per reaction of Binding Buffer (1ϫ PBS, 0.01% NP40) at 30ЊC for 2 hr. Each were performed. After acrylamide gel electrophoresis, we derived reaction mix was then incubated with 2 l of the anti-CRX antibody an intensity ratio on a Phosphor-Imager (Molecular Dynamics). p261 or anti-myc antibody for 2 hr at 4ЊC, followed by overnight coupling with 50 l of Protein A-Sepharose beads (Pharmacia). ProNorthern Blot Analysis teins bound to the antibody-Protein A beads were washed five times Retinal RNA (5 g per sample set) was fractionated in 0.8% denatur-(50 mM Tris-Cl [pH 7.5], 150 mM NaCl, 0.5% Triton X-100), eluted ing agarose gels, transferred in 6ϫ SSC, and probed with random from the beads using a SDS gel-loading buffer, resolved on a 11%
hexamer-labeled cDNA fragments in a 50% formamide-based hy-SDS-polyacrylamide gel, and visualized after treating with Amplify bridization buffer at 42ЊC. Band intensities were determined by scan-(Amersham).
ning on a Phosphor-Imager (Molecular Dynamics) and were normalized to densitometric measurements of ethidium-stained 18S RNA HEK293T Cell Transfections, Immunofluorescence, on a Gel Doc 2000 (Biorad).
and Transactivation Assays
The full-length ataxin-7 coding region with either 10 glutamines or
